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MoSi2 is one of the promising candidates for ultrahigh-temperature structural materials. However, its
product fabrication has been limited owing to its signiﬁcant brittleness until now. As an approach to
overcome this, we have ﬁrst successfully fabricated MoSi2 samples via additive manufacturing (AM).
Control of the thermal expansion coefﬁcient of the start plate for AM is important for building a three-
dimensional MoSi2 product with a low deformability. Moreover, unidirectional laser scanning is found to
be signiﬁcantly effective for controlling the crystallographic texture in MoSi2 with a low crystal sym-
metry. By the unidirectional scanning, [001] texture could be developed along the scanning direction,
which possibly results in the fabrication of the MoSi2 products with better high-temperature strength.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
MoSi2 possesses an ordered tetragonal C11b structure and has
beenwidely used as a heating element. In addition, it is a promising
ultrahigh-temperature structural material because it has a high
melting point (2020 C) and good oxidation resistance [1e5]. MoSi2
and its composites are expected to be used at temperatures greater
than the upper temperature limit of Ni-based superalloys [1e13].
However, MoSi2 has the critical disadvantage of a low workability
owing to its signiﬁcant brittleness. Recently, additive
manufacturing (AM) has attracted considerable interest for the
noble manufacturing process. AM allows for the production of
complex geometries as a net shape, which cannot be accomplished
with standard manufacturing techniques such as casting or form-
ing. In addition, AM does not require expensive molds or dies,
which potentially reduces the cost for small runs. Thus, the appli-
cation of AM is strongly desirable, especially for materials with a
low workability, including MoSi2. To the best of our knowledge,nd Manufacturing Science,
-1 Yamadaoka, Suita, Osaka
Nakano).
r B.V. This is an open access articlehowever, there have been no reports of the fabrication of MoSi2
products by AM processes. Indeed, in our preliminary study, we
found that the fabrication of three-dimensional MoSi2 samples was
difﬁcult with the “conventional” AM process. In this paper, we
report a strategy for fabricating MoSi2 samples by AM using an
improved process. In addition, we describe how to control the
texture during the AM process, which has a strong possibility of
improving the high-temperature strength of MoSi2.2. Experimental procedure
The MoSi2 powder was supplied by JAPAN NewMetals Co., LTD.,
Japan. A prealloyed ingot was pulverized to obtain a powder with a
medium particle size of ~21 mm. Using this powder, cubic-shaped
samples with dimensions of 10 mm  10 mm  10 mm were
manufactured by utilizing a selective laser melting (SLM) apparatus
(EOS M 290, EOS, Germany) equipped with a ytterbium ﬁber laser
in an argon atmosphere. In the AM process, the laser power, scan
pitch, layer thickness, and scan speed were set to 100 W, 0.06 mm,
0.04 mm, and 600 mm/s, respectively, although the laser power
was changed during the initial fabrication stage, as described later.
The laser was basically scanned bidirectionally (zigzag) in one di-
rection (X-scan). In addition, bidirectional scanning with aunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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with a subsequent rotation of 67 (Rot-scan) were performed to
examine the variation in the crystallographic texture depending on
the scanning strategy. Further, for the samples fabricated with the
X-scan strategy, various scanning speeds of 400, 600, 800, 1000,
and 1200 mm/s were tested to determine a suitable process con-
dition for controlling the texture. The absolute densities of the
products were measured by Archimedes' method, and the relative
densities of the products were calculated using the theoretical
density of MoSi2. Electron backscattering diffraction (EBSD) anal-
ysis in a scanning electron microscope (SEM, JIB-4610F, JEOL, Japan)
and X-ray diffraction (XRD, RINT-2500V, Rigaku, Japan) analysis
using Cu-Ka radiation were utilized to examine the texture of the
samples. The concentration distribution in the fabricated samples
was examined by energy-dispersive X-ray spectroscopy (EDS) in
the SEM.3. Results and discussion
3.1. Successful additive manufacturing of MoSi2 by the control of
CTE in the start plate
Fig. 1(a) shows the appearance of the built MoSi2 samples. First,
we fabricated samples by the “conventional” SLM process on a S45C
high-carbon steel plate (start plate). However, the MoSi2 sample
was easily delaminated at the interface between the start plate
during the fabrication process; thus, it was impossible to continue
the deposition of powder for SLM. This is attributed to the large
mismatch between the coefﬁcients of thermal expansion (CTEs) of
MoSi2 and the high-carbon steel plate: 8.25 and 10.7  106 K1,
respectively [14,15]. Owing to the poor deformability of MoSi2 at
low temperatures, the CTE mismatch easily results in the formation
of cracks during cooling of the sample. To overcome this, we pro-
posed a strategy in which the applied laser power is varied in a
stepped manner during the initial stage of the fabrication process.
First, a considerably large laser power (250 W) was applied to
largely melt the start plate and fed MoSi2 powder; then, the laser
power was gradually decreased as the fabrication of samples pro-
ceeded. In this experiment, the power was varied from 250 to
100W via 150W. Fig. 1(b) shows an SEM image of a vertical section
of a sample near the start plate, and Fig. 1(cee) show the corre-
sponding elemental maps for Si, Mo, and Fe analyzed by SEM-EDS.Fig. 1. (a) Appearance of the MoSi2 samples built by the “improved” SLM process in which t
the sample fabricated by the “improved” process near the high-carbon steel plate. (cee) CoThe elemental maps indicate that the composition gradually varies
over a wide ~400 mm region between the start plate and the MoSi2
sample owing to signiﬁcant melting of the start plate; the typical
composition of the melt region just on the start plate is approxi-
mately 71 at.%Fe-19 at.%Si-10 at.%Mo, and the amounts of Si andMo
increase accompanied by the decrease in Fe along the building
direction. This gradual variation in alloy composition can induce a
gradual variation in the CTE at the interface between MoSi2 and the
start plate, which enables the fabrication of three-dimensional
MoSi2 samples by AM, as shown in Fig. 1(a). The experimental re-
sults suggest that control of the CTE mismatch between the start
plate and sample is extremely important for the successful fabri-
cation of brittle materials by AM. The detailed structure (constitu-
ent phases etc.) in the formed intermediate reaction zone between
the state plate and MoSi2 product is now under survey.3.2. Variations in texture with the scanning strategy
To useMoSi2 for practical applications, it is necessary to ensure a
superior high-temperature strength (creep strength). In this regard,
Ito et al. previously examined the plastic deformation behavior of
single-crystal MoSi2 [4,5] and clariﬁed that the high-temperature
strength exhibits signiﬁcant anisotropy depending on the loading
orientation owing to the operation of several different slip systems.
Further, it was reported that a superior creep strength is obtained
nearly along the [001] loading orientation [8], owing to the
occurrence of a yield-stress anomaly by {013)<331] slip [5]. Here,
the mixed notation of {hkl) and <uvw] differentiates the ﬁrst two
indices from the third index, which does not play the same role as
the ﬁrst two because of the tetragonality of the C11b crystal
structure. Thus, control of the texture is essentially required for the
fabrication of MoSi2 products for high-temperature structural ap-
plications. As one of the approaches to achieve this, the use of a
single crystal as the start plate is considered [16]. In this study,
however, we successfully controlled the texture without the use of
a single crystal by controlling the scanning strategy during the AM
process. Fig. 2(aec) show the crystal orientation maps of the C11b-
phase grains examined by SEM-EBSD for samples fabricated by the
X-scan, XY-scan, and Rot-scan strategies, respectively. The obser-
vation directions are parallel to the “X-direction” indicated in the
ﬁgure, i.e., parallel to the scanning direction for the X-scan strategy
and perpendicular to the building direction. In addition, Fig. 2(def)he laser power was varied during building. (b) SEM image showing a vertical section of
rresponding elemental maps for Si, Mo, and Fe obtained by SEM-EDS.
Fig. 2. (aec) Crystal orientation maps of the C11b-phase grains examined by SEM-EBSD for samples fabricated by the X-scan, XY-scan, and Rot-scan strategies, respectively. Black
areas in the maps correspond to voids. The observation direction is parallel to the X-direction indicated in the ﬁgure. (def) Corresponding (001), {100), and {110) pole ﬁgures for
each sample. Note in Fig.(d), the preferential alignment of crystal orientation along [001] is seen in the X-scan sample, which is not observed in the other scan modes.
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on the cross section along the X-direction, which is indicated as X-
cross-section hereafter. In the orientation maps, the black parts
correspond to voids that formed during the AM process. The den-
sity measurement by Archimedes' method showed that all samples
in the present state contained approximately 5e10 vol% of voids.
Thus, further optimization of the processing parameters is essen-
tially required to reduce the volume fraction of voids since they are
a trigger for fracture. As shown in Fig. 2(aef), the sample textures
signiﬁcantly vary depending on the scanning strategy. In the X-scan
sample, a preferential alignment of [001] along the scanning di-
rection occurs, and in addition <100] is weakly aligned along the
building direction (Z-direction). On the other hand, the [001]
texture did not develop in the XY-scan and Rot-scan samples,
although a weak alignment of <100] along the Z-direction is
observed. To evaluate the degree of alignment of [001] orientation
in samples quantitatively, the XRD measurement was further con-
ducted on the X-cross-section, as shown in Fig. 3, and the Lotgering
factor for the (00l) plane, L(00l), was evaluated using the following
equation [17]:
Lð00lÞ ¼ Að00lÞ  Bð00lÞ






In Eq. (1), A(00l) and B(00l) indicate the values evaluated from
the XRD intensity proﬁles of the fabricated sample and JCPDS
reference data (random polycrystals) [18], respectively. For the
calculation of A(00l), integrated peak intensities were used. A larger
L-value means that a stronger texture developed in the sample;L¼ 1 for a [001] oriented ﬁber texture or single crystal, and L¼ 0 for
random polycrystals. The evaluated L-values on the X-cross-section
were 0.24, 0.012, and 0.001 for the X-scan, XY-scan, and Rot-scan
samples, respectively, conﬁrming that the strongest [001] texture
was developed in the X-scan sample. As stated above, control of the
texture parallel to [001] is extremely important for improving the
creep resistance of MoSi2 at high temperatures [8]. These results
obviously demonstrate that this can be accomplished by controlling
the scanning strategy during the AM process.
To elucidate the developingmechanism of the textures that vary
according to the scanning strategy, additional microstructural ob-
servations were conducted. Fig. 4(a) shows an optical micrograph
observed along the X-scanning direction for the X-scan sample.
Traces of the melt pool with a half-ellipse shape are conﬁrmed in
this X-cross-section. In a melt pool, the development of elongated
columnar cells is observed. It has been reported for many metallic
materials that columnar cells tend to elongate along a direction
perpendicular to the melt-pool boundary, which is close to the
direction of maximum thermal gradient (heat ﬂow) [19e22]. In the
present MoSi2 sample, however, this tendency is not strongly
observed. Fig. 4(b) shows the corresponding crystal orientation
map of the same region in Fig. 4(a). It can be seen that the lengths of
the grains along the building direction in the crystal orientation
map (~156 mm on the average) are much longer than the lengths of
the elongated columnar cells in the melt pools (~35 mm); that is, in
many places, the same crystal orientation continued beyond the
melt-pool boundaries, as is clearly seen in Fig. 4(b). This strongly
suggests that the growth direction of the columnar cells in the melt
pool is predominately controlled by epitaxial growth with respect
to the grains beneath the melt pool.
Fig. 3. XRD proﬁles obtained on the X-cross-section (the same plane observed in
Fig. 2) in the samples fabricated by the X-scan, XY-scan, and Rot-scan strategies. The
XRD proﬁle taken from the MoSi2 powder is also indicated in the ﬁgure for
comparison.
Fig. 4. (a) Optical micrograph of a vertical section with respect to the X-scanning direction of
map obtained by SEM-EBSD. In. Fig. 4(b), some of the traces of the melt-pool boundaries ob
observed along the Y-direction.
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focusing on the cells in which [001] is parallel to the X-scanning
direction, the direction of elongation of cell, i.e. the growth direc-
tion, is conﬁrmed to be almost parallel to <100] as shown in Fig. 4(a
and b), although the elongation directions of the cells themselves
are widely distributed in the X-cross-section. On the other hand, in
the observations along the Y-direction, i.e., perpendicular to the
scanning direction, almost all columnar cells are seen to grow along
the Z-building-direction, as shown in Fig. 4(c). These observation
results demonstrate that the preferential growth direction of the
columnar cells in MoSi2 fabricated by AM is parallel to <100],
similar to those observed for many fcc and bcc metals [20e27], and
the columnar cells tend to grow along the direction perpendicular
to the scanning direction. Taking this into consideration, the
mechanism for texture development in AM could be reasonably
explained. That is, the preferential growth direction parallel to
<100] and the subsequent lateral growth direction parallel to <010]
in the columnar cells tend to lie in the X-cross-section; thus, [001]
tends to be aligned along the X-scanning direction. In addition,
from Fig. 4(b), the red-colored grains, in which [001] is parallel to
the scanning direction, are frequently elongated beyond the melt-
pool boundaries. However, the length of a grain aligned along the
Z-direction is much shorter in grains with different orientation
colors. These observation results indicate that the coincidence of
the direction of maximum thermal gradient and the preferential
growth direction effectively assists the epitaxial growth of a grain
beyond the melt-pool boundaries, and it predominantly controls
the development of the ﬁber-like [001] texture along the scanning
direction. More precisely, the number of columnar cells elongated
along a direction close to the building direction is somewhat larger
than that of the others in the X-cross-section. This could explain the
development of the slight alignment of <100] along the Z-building
direction in the X-scan sample.
There are some reports that a strong texture can be developed
for other metallic materials also by an “XY-alternative scan”
[20,22,24e27], but this was not applicable for MoSi2, as shown in
Fig. 2(b), owing to the low crystal symmetry of the tetragonal C11b
structure. For example, in Ni-based superalloys with a fcc structure,
a strong cubic texture, i.e., the scanning and building directions area MoSi2 sample fabricated by the X-scan strategy. (b) Corresponding crystal orientation
served in Fig. 4(a) were superimposed as white dot lines. (c) Optical micrograph when
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strategy [25e27]. This is because the texture develops such that the
<100> becomes parallel to both the X-scan direction and subse-
quent Y-scan direction, to have the common<100> axes each other.
In MoSi2, however, the physical properties along <100] and [001]
are completely different owing to the tetragonal C11b crystal
structure [4,28]; thus, they must be distinguished. In MoSi2, the
ﬁrst X-direction scan aligns the grains as the scanning direction
becomes parallel to [001], as described above. However, the
following Y-direction scan aligns [001] along the Y-direction, i.e.,
along the direction perpendicular to the previous X-scan direction.
Thus, <100] weakly tends to be aligned along the Z-building-di-
rection, which is perpendicular to both the X-scan and Y-scan di-
rections, but the alignment of [001] cannot be accomplished. The
weakening of the texture in Rot-scan sample can also be explained
by the same logic. The obtained results suggest that unidirectional
scanning is desirable for controlling the texture in a material with a
low crystal symmetry including MoSi2, and the XY-scan and Rot-Fig. 5. (a) Crystal orientation maps of MoSi2 samples fabricated by the X-scan strategy for va
{110) pole ﬁgures, with L factor and relative density of the samples.scan strategies may be detrimental for developing the texture in
such materials.
3.3. Control of texture by changing the scanning speed
To further control the texture, the inﬂuence of the scanning
speed was examined. Fig. 5(a) shows the variation in the crystal
orientation maps taken on the X-cross-section of the X-scan sam-
ples, and Fig. 5(b) shows the corresponding (001), {100), and {110)
pole ﬁgures. The results demonstrate that an increase in the scan-
ning speed weakens the development of the [001] texture, which
was further conﬁrmed by the evaluation of the L-value from the
XRD proﬁles, as indicated in Fig. 5(b). Thus, the strongest [001]
texture is developed in the sample prepared at a scanning speed of
400 mm/s. Note that this tendency is different from the results
examined in other materials like b-Ti [29,30], in which the increase
in the scanning speed strengthens the texture. To explain the
reason for this, the variation in the epitaxial growth behavior of therious scanning speeds, observed along X-direction. (b) Corresponding (001), {100), and
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considered. From the crystal orientation maps in Fig. 5(a), it is
observed that an increase in the scanning speed decreases the grain
size. In particular, the lengths of the grains along the building di-
rection are largely shortened as the scanning speed increases; the
average lengths of the grains along the building direction were
measured to be approximately 320, 156, 114, 94 and 46 mm in the
samples fabricated at a scanning speed of 400, 600, 800, 1000 and
1200 mm/s, respectively. This implies that the frequency of the
occurrence of epitaxial growth beyond the melt-pool boundaries is
reduced as the scanning rate increases. Such weakening of the
texture by the inhibition of epitaxial growth with an increase in the
scanning speed is considered to be induced by the competition
between the temperature gradient, G, and solid-liquid interface
velocity, V. In the AM process, the temperature gradients become
shallower with an increase in the scanning speed, however the
cooling rates increase. If the conditions are appropriate, this may
promote nucleation ahead of the solidiﬁcation front, leading to the
breakdown of the heavily oriented growth, as is indicated in the
processingemicrostructure maps previously reported by G€aumann
et al. in the laser deposition of superalloy [31]. In other words, if the
condition of G and V are not optimized, strong texture cannot be
obtained even in case of the X-scan strategy, as observed in the
sample prepared at a scanning speed of 1200 mm/s.
In addition, the volume fraction of voids also increases as the
scanning speed increases, which was conﬁrmed by the relative
density measurements in Fig. 5(b). The existence of voids may also
hinder the continuous growth of grains along the building direc-
tion. These result in less development of the [001] texture along the
scanning direction as the scanning speed increases. Thus, further
optimization of the processing parameters is essentially required to
reduce the amount of the voids and to control the texture, to ach-
ieve the best performance for its practical application.
4. Conclusion
In this study, we have ﬁrst succeeded in fabricating MoSi2
samples via additive manufacturing (AM), and the criteria for the
fabrication and control of the crystallographic texture of MoSi2
were clariﬁed. It was found that the control of the growth direction
of the columnar cells during the AM process by controlling the
scanning scheme and process parameters is essentially required for
the development of the crystallographic texture in the MoSi2
products fabricated by SLM.
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